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Abstract
Within the Glauber formalism and a BUU transport model we analyze the η-
photoproduction data from nuclei and evaluate the in-medium ηN cross section.
Our results indicate that the ηN cross section is almost independent of the η
energy up to 200 MeV.
1 Introduction
For a long time η-meson production in nuclei has been of interest as a source of infor-
mation about the η-nucleus final state interaction. The present knowledge about the
ηN interaction even in the vacuum comes from either simple analysis of the inverse
piN → ηN reaction or as a free parameter fitted to experimental data by theoretical
calculations [1, 2, 3, 4].
Note that the value of the ηN scattering length is still an open problem and there
is not actual agreement between a bulk of theoretical investigations.
The analysis of η-production from pA collisions indicated strong sensitivity of the
calculations to the prescription of the η-meson final state interaction [3, 5, 6]. It was
found that the η-energy spectrum [7] is mostly influenced by the variation of the ηN
cross section [5, 6]. However the experimental data [7] had large uncertainties and
there was no continuation of the systematical studies.
Recent measurements on η-meson photoproduction in nuclei [8] are more detailed
and accurate. Among the theoretical investigations [9, 10, 11] only the calculations
within the Distorted Wave Impulse Approximation (DWIA) from Lee et al.[9] are able
to reproduce the experimental data by incorporating the η-nucleus potential proposed
by Bennhold and Tanabe [12].
The present paper is organized as follows. In section 2 we use the Glauber formal-
ism to extract the in-medium ηN cross section from the experimental data. In section 3
these results are compared to Boltzmann-Uehling-Uhlenbeck transport model calcula-
tions. The sensitivity of the theoretical results to the prescription of ηN scattering is
investigated.
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2 Analysis within the Glauber Model
In an incoherent approximation the cross section of η-meson photoproduction off nuclei
is given by
σAγη = σ
p
γη × [Z + ζ(A− Z)] (1)
with A, Z being the mass and charge of the target,respectively, while the factor ζ =
2/3 [13] stands for the ratio of the elementary η-photoproduction cross sections from
γn and γp reactions.
In nuclei the cross section differs from the approximation (1) due to nuclear effects.
(i) The Fermi motion of nucleons as well as (ii) Pauli blocking are important at energies
below and close to the reaction threshold in free space [14, 15]. We should also take
into account (iii) the modification of the N∗-resonance by the nuclear medium [10, 11].
However the most important effect is (iv) the strong final state interaction of η-
mesons in nuclear matter. The deviation of the A-dependence of the σγA→ηX from A
1
mostly reflects the strength of the final state interaction.
Here we present an analysis of the experimental data on γA→ ηX reactions in or-
der to extract the in-medium cross section σηN . Our approach is based on the Glauber
model [16] and first was developed by Margolis [17] for evaluation of the ρN cross sec-
tion from both incoherent and coherent ρ-meson photoproduction off nuclei. The most
detailed description and application of the Glauber model to photoproduction reac-
tions may be found from review of Bauer, Spital and Yennie [18]. A similar formalism
is adopted for studying color transparency [19, 20], where the in-medium cross sections
is treated as a function of a transverse separation of the hadronic wave function.
In the Glauber model the cross section of the incoherent η-meson photoproduction
reads
σAγη = σ
p
γη
Z + ζ(A− Z)
A
×Aeff (2)
where
Aeff =
1
2pi
∫
+∞
0
db
∫
+∞
−∞
dz ρ(b, z)
∫
2π
0
dφ exp
[
−σηN
∮
dξ ρ(rξ)
]
(3)
Here ρ(r) is the single particle density function, which was taken of Fermi type with
parameters for each nucleus from [21]. The last integration in Eq. (3) being over the
path of the produced η-meson
r2ξ = (b+ ξcosφsinθ)
2 + (ξsinφsinθ)2 + (z + ξcosθ)2 (4)
Here θ is the emission angle of the η-meson relative to γ-momentum.
Eq. (3) is similar to those from [22, 23] and in the low energy limit, i.e. by integration
over the η-emission angle θ becomes as [24]
Aeff =
∫
+∞
0
db
∫
+∞
−∞
dz ρ(b, z)exp
(
−σηN
∫
∞
z
dξ ρ(b, ξ)
)
(5)
In the high energy limit, i.e. with the small angle scattering approximation θ = 0,
Eq. (3) reduces to simple formula from [25]
Aeff =
1
σηN
∫
∞
0
db
(
1− exp
[
−σηN
∫
+∞
−∞
dz ρ(b, z)
])
(6)
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Figure 1: The ratios of the differential cross sections as function of the target mass and
for different η-kinetic energies. The experimental data are taken from [8]. Lines show
our calculations for several values of σηN .
The nuclear transparency is defined now as
TA =
σAγη
σpγη × [Z + ζ(A− Z)] (7)
and in the Glauber model it is simply given by
TA = Aeff/A (8)
being the function of the target mass A, emission angle θ and in-medium ηN cross
section σηN . Note that this model neglect the in-medium effects (i-iii), and takes only
the final state interactions into account.
We analyze now the recent MAMI data [8] on η-photoproduction from 12C, 40Ca,
93Nb and 207Pb at Eγ <800 MeV in order to resolve the dependence (3) with respect
to the target mass. The η-production threshold on a free nucleon lies at ≃706 MeV,
thus our analysis is expected to be valid for Eγ ≥ 750 MeV, in order to minimize
effects (i-ii). Moreover, to minimize the uncertainties related to (iii), which also are
valid at high Eγ, we analyze the ratios of the differential cross sections integrated over
the η-meson emission angle as
R(A/12C) =
dσAγη
dT

dσ
C
γη
dT


−1
(9)
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We thus assume that the medium modifications of the N⋆-resonance are almost the
same for all nuclear targets.
The ratios (9) are shown in Fig. 1 for several kinetic energies of η-mesons and as a
function of the target mass. The lines indicate our calculations performed for different
ηN cross sections. The model results are integrated over the θ. Note that for σηN=0 the
ratio (9) saturates at R = A/C as was expected neglecting the final state interaction.
Figure 2: The distribution of reduced χ2 as function of the ηN cross section.
We now fit the experimental ratios for each Tη by minimizing the χ
2 in order to
evaluate σηN . A similar analysis was perfomed recently by Kharzeev et al. [26] for
the evaluation of the J/Ψ-nucleon cross section. Fig.2 illustrates the minimization
procedure and shows sensitivity of the data to the variation of ηN cross section. We
fixed the confidence level that gives the value of the reduced χ2/n > 2 can be expected
no more than 10% of the time. With respect to the statistical errors of the experimental
data the minimization produces three types of results. Namely, 1) with extraction of
σηN and indication its uncertainty, 2) with evaluation only the lower limit for σηN or
3) with obtaining the minima behind the confidence level.
Fig. 3 shows our final results in comparison with the experimental data and illustrate
excellent agreement for wide range of the η-energies. Nevertheless we keep in mind
the uncertainties in evaluating of ηN cross section and collect the σηN in Fig. 4 as
function of the η energy and indication of confidence level. Note that within present
analysis we evaluate the inelastic (or absorption) η-nucleon cross section, because the
elastic scattering does not remove the η-meson from the total flux, which was detected
experimentally.
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Figure 3: The comparison between experimental data [8] and our fit.
Our results indicate almost constant in-medium ηN cross section as function of the
η-energy in strong contradiction with the σηN from the scattering in vacuum.
To make a more definite conclusion about the suppression of the ηN cross section in
nuclear matter we need an accurate data on the coherent η-photoproduction off nuclei.
The coherent reactions are more sensitive to the nuclear transparency (∝ A2eff [18,
25, 27]) and might solve the uncertanties of the present analysis performed with the
Glauber model.
3 Results from BUU calculations
In order to verify the results from the previous section we use a BUU transport
model [14, 28, 29] to calculate energy differential η-photoproduction cross sections
in nuclei. This allows to drop several assumptions needed for the Glauber calcula-
tions. Fermi motion and Pauli blocking are taken into account as well for the primary
η-production process as for the final state interaction of the produced particles.
In Ref. [11] the BUU model was used to calculate η-photoproduction in nuclei
with the resonance model for the η final state interaction from Ref. [29]. Here the
η-rescattering was described by intermediate excitations of N(1535) resonances. The
elastic and inelastic ηN cross sections calculated with this model are shown in Fig. 5
with the solid lines. It turned out that this model was able to describe the total
η-photoproduction cross sections reasonably well but failed in the description of an-
gular and energy differential cross sections. Compared to the experimental data the
5
Figure 4: Energy dependence of ηN cross section. Squares indicate the results for the
cases when we were able to extract σηN within 10% confidence level, arrows when we
could only obtain a lower limit for σηN and crosses if the result of our analysis is behind
the confidence level. The dashed line indicates a constant cross section of 30 mb.
calculated cross sections were shifted to smaller angles and larger η-energies for all
considered target nuclei and all photon energies up to 800 MeV. In Fig. 6 the solid line
shows the calculation of an energy differential η-photoproduction cross section on 40Ca
with this model.
It was already reported in Ref. [11] that the discrepancy to the experimental data
is cured by using an energy independent ηN cross section. The corresponding result
is shown in Fig. 6 by the line labelled ’constant cross sections (1)’ where an inelastic
cross section σηin = 30mb and an elastic cross section σ
η
el = 20mb was used.
Now we want to study the influence of different prescriptions for ηN scattering.
The dashed line in Fig. 6 indicates the results calculated with a modified η-rescattering
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Figure 5: Inelastic and elastic cross sections for ηN scattering with different models.
Experimental data points are obtained by detailed balance from pi−p→ ηn [31]. Note
that the theoretical curves for the inelastic cross section can not directly be compared
to the data because they contain additional channels.
model:
σηN→πN =
qπ
qηs
c2
c2 + q2η
40mbGeV2 , c = 0.3GeV (10)
σηN→ηN =
45mbGeV2
s
where qπ, qη are the cms momenta of the pi- and η-meson, respectively, and s stands
for the squared invariant energy. The inelastic cross section was obtained by fitting
the experimental data for the reaction piN → ηN , while the elastic cross section was
assumed to be equal to the one in the resonance model at an η-energy of 125 MeV.
The resulting elastic and inelastic cross sections are shown in Fig. 5 with the dashed
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Figure 6: Energy differential η-photoproduction cross sections for Eγ = 780MeV in
40Ca. Experimental data are from [8]. Lines indicate BUU calculations with ηN cross
sections as described in the figure. For further explanations see text.
line. As can be seen from Fig. 6 (dashed line) this model improves the description
of the energy differential cross section for small η-energies but still overestimates the
cross section for higher energies.
We have also used the ηN cross sections from Green and Wycech [30] and Lee et
al. [9]. The calculation of Green and Wycech is based on the K-matrix method and
includes the S11(1535) and S11(1650) resonances. Following the authors this model is
valid up to an invariant energy of about 100 MeV from ηN threshold which corresponds
to an η kinetic energy in the nucleon rest frame of 160 MeV. Lee et al. use a parameter-
ization of the ηN scattering amplitude that is based on the calculation of Bennhold and
Tanabe [12]. This model contains the P11(1440), D13(1520) and S11(1535) resonances
and might therefore be limited to an η kinetic energy of about 100 MeV.
The total cross sections within these models are shown in Fig. 5. Both models
give about the same inelastic cross section which is basically due to the fact that in
both models the dominating inelastic channel is given by the process ηN → Npi. The
experimental data [31] for this reaction, obtained by detailed balance from pi−p→ ηn,
are also shown. But one should note that the theoretical curves contain additional,
even though small, contributions from ηN → Npipi and therefore can not directly be
compared to these data points. The elastic ηN cross section in both models is very
different which is an indication for the large theoretical uncertainties in the models for
ηN scattering even in the vacuum.
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The corresponding results of the BUU calculations for photoproduction are given in
Fig. 6. As in the calculations within the resonance model and the model from Eq. (10)
we again fail to describe the shape of the energy differential cross section. The same
holds for all target nuclei and photon energies as well as for the angular differential cross
sections. Apart from the resonance model [29] all models give a satisfactory description
of the cross section for η-energies below 50 MeV. The failure of the resonance model
is due to the fact that this model was fitted to a larger class of elementary processes
and a wider kinematical range and overestimated the cross section for ηN → Npi in
the considered energy range.
In Fig. 6 we also show the result of a model calculation with a constant inelastic
cross section σηin = 30mb where we neglected elastic ηN scattering (curve labelled
’constant cross sections (2)’). Compared to the previous calculation with constant
cross sections that included an elastic cross section the energy differential cross section
is shifted to larger energies and fails to describe the data. Moreover the integrated
cross section is slightly larger because the elastic cross section increases, in average,
the length of the path of the produced etas through the nucleus and therefore reduces
the number of etas that escape from the nucleus. One sees that in our model a constant
inelastic ηN cross section alone is not sufficient to describe the data but an elastic cross
section is also needed.
Since the models for ηN scattering in the vacuum show a rather strong decrease
of the total ηN cross section with η-energy we are not able to reproduce the data for
η-photoproduction with any of these models within our transport model approach. For
η-energies larger than 100 MeV we need an ηN cross section that is significantly larger
than the one from the vacuum models while for lower energies our calculations are not
very sensitive to the size of the cross section. A possible explanation is that the vacuum
models [30, 12] are simply not applicable to the considered energy range. After all, due
to the Fermi motion of the nucleons, the ηN cross section up to an invariant energy of√
s = 1.74GeV (Tη = 446MeV in the nucleon rest frame) enters the calculations for
an eta with a kinetic energy of 250 MeV in the rest frame of the nucleus.
Our findings are in line with the Glauber analysis from section 2 and Ref. [8] which
need a constant inelastic cross section of 30 mb in order to describe the mass dependence
of the energy differential cross sections. However, Lee et al. [9] were able to reproduce
energy differential cross sections within the DWIA framework by using vacuum ηN
cross sections. One crucial difference to our calculation is that in their calculation the
outgoing nucleon in the elementary photoproduction process γN → Nη is set on-shell
while in our semi-classical treatment the elementary process takes place instantaneously
with following propagation of the produced particles through the nucleus. The potential
energy which is needed to set the nucleon on-shell clearly shifts the η-spectrum to
lower energies. A priori it is not obvious which of the two prescriptions is better suited
to model the physical reality. Only a DWIA calculation along the line of Ref. [32]
without the local approximation of Ref. [9] could clarify this question. An indication
for a larger ηN cross section at higher energies is the fact that we are able to describe
energy and angular differential cross section for η-photoproduction simultaneously by
using a constant cross section [11] while in the calculations of Lee et al. the angular
differential cross sections are shifted to smaller angles compared to the data.
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4 Summary
We have analyzed the η-photoproduction in nuclei within the framework of the Glauber
model and a BUU transport model approach.
Using the standard Glauber theory we investigate the A-dependence of the reaction
γA→ ηX in order to extract the data on η-meson final state interaction in nuclei. It
was found that the in-medium ηN cross section is almost energy independent from
ηN → piN threshold up to η-kinetic energy of 130 MeV.
Within a BUU transport model calculation we are able to reproduce energy and
angular differential data for η photoproduction only by using an energy independent
ηN cross section but not with any available ηN vacuum cross section. However, the
effect of the nucleon potential that can not be treated in our semi-classical calculation
in a correct way might have an impact on that conclusion.
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